ABSTRACT. The protonation of 5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin was investigated in aqueous solutions of N,N-dimethyformamide at 25 C and 0.1 mol.dm -3 sodium perchlorate. The solvent effect on value of protonation constant was examined by using the linear solvation energy relationship concept. The value of logK1, logK2 and logKt was correlated with the macroscopic (dielectric constant) and microscopic Kamlet-Taft parameters (,  and *) of binary mixtures. The solvent effects were analyzed in the terms of Kamlet, Abboud and Taft model (KAT). Multiple linear regression were used to find the contribution of the microscopic parameters containing  (hydrogen-bond acidity), * (dipolarity/polarizability) and  (hydrogen-bond basicity). It was found that  and  were the most predominant descriptors. Also, relationship with reciprocal of dielectric constant was obtained based on Born's model, showing the significance of specific solute-solvent interactions. Therefore the hydrogen bonding interactions between solute and solvent components are mainly responsible for the change in protonation constants of 5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin in water-N,N-dimethyformamid binary mixtures.
INTRODUCTION
Various biological and industrial applications of porphyrins made them interesting compounds [1] [2] [3] . Among porphyrin derivatives, 5,10,15,20-tetrakis(4-sulfonatophenyl) porphyrin, TPPS, is well-known. TPPS is extensively used as photosensitizer for photodynamic therapy and tumors diagnosis in cancer treatment. Also it is suitable candidates for use as the models of electron transfer and artificial light harvesting devices to mimic photosynthetic organisms [4] . In these applications, properties such as large extinction coefficient in the red region of the visible wavelengths and high hydrophilicity play important role in the overall efficiency of TPPS. Physicochemical properties of TPPS help to discriminate between normal cells and abnormal ones, and lead to selective accumulation of photosensitizer in tumor target tissues. TPPS has capable to initiate a photochemical reaction by absorbing photons upon exposition to light at visible wavelength. Excited singlet oxygen is one of photochemical reaction product which is very aggressive and toxic for cellular tissues and will oxidize malignant cells [5] . Although the exact mechanism for photodynamic therapy of porphyrins in abnormal tissues is still not well known, numerous studies have confirmed its efficacy to be depend on the environmental characteristics and physicochemical properties of photosensitizer [6] [7] [8] [9] . The free base TPPS (H 2 tpps 4- ), Figure 1 , can be protonated by one or two protons on pyrrolinic nitrogen's resulting to the mono (H 3 tpps 3- ) and di-protonated (H 4 tpps 2-) species which have drastically different physicochemical properties such as aggregation and lipophilicity which lead to different cellular uptake and photodynamic effect [10, 11] . As shown in some studies, protonation of photosensitizer compounds leads to higher cellular uptake [6, 7] . It is clear that protonation brings about the redistribution of electron density in porphyrin core, which modifies characteristics of central pyrrolic nitrogen atoms, and also influence physicochemical and spectral properties of TPPS in solutions. Thus, in order to obtain a detailed knowledge about the nature of this compound, a complete evaluation of its acid-base characteristics and their dependence on environmental conditions are required. porphyrin.
In continuous of our previous studies on porphyrin [12] [13] [14] [15] [16] [17] , in this work the protonation constants of 5,10,15,20-tetrakis(4-sulfonatophenyl) porphyrin were determined by spectroscopic titration in binary mixtures of water with N,N-dimethylformamide, DMF, to examine the solvent dependence of its acid-base properties. Spectroscopic titration is a convenient way for accurate determination of equilibrium constants [18] [19] [20] . In this method, the spectral absorbances during titration are used to construct a matrix R of size mn where m is the number of pH values in which absorbance are determined in n wavelengths. The absorbance data matrix R is decomposed into pure concentration, C, and pure spectral profiles, S, matrices by knowledge about the number of chemical species in protonation processes.
Where C(mp), S(pn) and E are matrix of pure concentration, pure spectral profiles and optimal residual error respectively. Here p donates the number of absorbing species in the solution. The number of absorbing species is determined from factor analysis [21] . Rank analysis is performed by introducing M as (1/n)RR t , where R t is transpose of R. The rank of M, r M , is mathematically equal to the number of eigenvectors with corresponding none zero eigenvalues. However, because of experimental error, the number of absorbing species is equal or lower than r M . To this problem, in factor analysis, the standard deviation of the absorbance, SD, are calculated as a function of the number of none zero eigenvalues. Where tr(M) and a i are the trace and eigenvalue of component i of M matrix. Accordingly, the spectral change during titration is attributed to the number of absorbing species, which is consistent with the number of species during protonation equilibria. By this knowledge, Eq. 1 is solved using hard modeling multivariate curve fitting. By initial estimation of protonation constant, fitting starts by calculation of the concentration profile of absorbing species, matrix C, based on the mass action law constraint in terms of known total concentration and pH values during titration. At the same time, matrix S is solved under non-negative absorptivity constraint for absorbing species. In the nonlinear least-squares fitting, iterative cycles go on until to find the best set of parameters (protonation constant and molar absorptivity of species) that result in a minimum of E.
EXPRIMENTAL

Chemical and instrumentations
Tetrakis(4-sulphonatophenyl)porphyrin sodium salt, Na 4 [H 2 tpps], of 98% purity was purchased form Aldrich. N,N-dimethylformamide, DMF, were obtained from Merck. Sodium perchlorate of 99.8% purity was from Merck and was dried under vacuum at room temperature for at least 72 hours before use. NaOH solution was prepared from a titrisol solution (Merck) and its concentration was determined by several titrations with a standard HCl solution. HClO 4 (ACS grade, 70%) was from Merck and was used as supplied. All aqueous mixtures were prepared from double-distilled water with a conductivity equal to 1.3  0.1  ohm -1 . The electromotive force was measured using a Jenway (model 3520) research potentiometer equipped with a combined pH electrode which consists of a glass electrode and a reference Ag/AgCl electrode built into a single chamber.
Spectrophotometric measurements were performed on a UV-Vis Shimadzu 2100 spectrophotometer with a Pentium 4 computer and using thermostated matched 10 mm quartz cells. The measurement cell was of flow type. A peristaltic pump allowed circulation of the solution under study from the potentiometric cell to the spectrophotometric cell, so the absorbance and the emf of the solution could be measured simultaneously. To exclude carbon dioxide from the system, a stream of purified nitrogen was passed through a sodium hydroxide solution and then bubbled slowly through the reaction solution.
Procedure
Potentiometric titration was performed in water-DMF mixtures to calibrate the combined glasspH electrode according to Gran's method [22] . The combined pH electrode was modified by replacing its aqueous KCl solution with 0.01 mol.dm -3 NaCl + 0.09 mol.dm -3 NaClO 4 saturated with AgCl to reduce the liquid junction potential and drifts of electrode potential. The electrode was soaked for 15-20 min in water-organic solvent mixture before potentiometric measurements. All titrations were carried out in a 50 mL thermostated double-walled glass vessel. The standard potential of the cell, E cell , was calculated by titration of 25 mL acidic solution of HClO 4 (0.01 mol.dm -3 ) with small addition of the sodium hydroxide solution (0.1 mol.dm -3 ). The cell potential, E cell , is given by Eq. 3 during titration.
where E LJ is the liquid junction potential, k = 2.303RT/F in which R, T and F have the usual meaning, and  H+ is the activity coefficient of hydrogen ion, respectively. The ionic strength of the solution is kept constant throughout titration process, therefore the activity coefficient of hydrogen ion is constant too. The non-ideality of solutions is then included in k a (the specific constant of the potentiometric cell), and thus
with k a being E cell + klog  H+ + E LJ . Based on potentiometric titration, k a and k were determined, and then used to convert the potential cell into pH in spectroscopic titration. For spectroscopic titration, 25 mL of TPPS solution (1.710 -6 mol.dm -3 ) was titrated with 0.1 mol.dm -3 HClO 4 and NaOH solution in the same ionic strength and mole fraction of organic solvent (0-95% organic solvent by v/v). Absorbance data were recorded against the cell potential. pH was calculated using Eq. 4. Finally, spectral data as a function of H + concentration were introduced into STAR program to calculate protonation constants [21] . All potentiometric and spectroscopic measurements were performed at 25 C and constant ionic strength of 0.1 mol.dm -3 sodium perchlorate, and were repeated at least three times.
RESULTS AND DISCUSSION
Glass electrode calibration
The combined glass-pH electrode was successfully calibrated in binary mixture by potentiometric titration. Typically, calibration curve is depicted for 50% (v/v) in Figure 2 . As shown, a good linear equation was obtained; indicating the reliability of Eq. 4 for determination of pH in binary water-DMF mixtures, in addition, the experimental slope was very close to the theoretical Nernst' slope (59.2 mV at 25 °C). 
Protonation constant of TPPS
As shown in Figure 3 , in aqueous solution, diacidic form of TPPS, H 4 tpps 2-, has a maximum absorption spectrum band (the Soret band) around 435 nm. These zwitterionic forms have a tendency to form J-aggregates which show a red shifted Soret band with respect to the monomer's ones [23] . However in this work no evidence of aggregation was found for studied concentration of TPPS (1.710 -6 mol.dm -3 ) at different solvent mixture. When an acidic solution was gradually added to the alkali solution of TPPS, the Soret band shifted to higher wavelength upon protonation of TPPS core. According to these clear spectral changes, the protonation constant can be calculated by using a suitable data analysis model. The protonation constants were calculated by nonlinear least squares fitting in STAR program environment using an input file including the spectral data in 0.5 nm intervals as a function of H + concentration [21] . Results are listed in Table 1 Figure 4 , the mole fraction distribution of various species of TPPS is shown in water as a function of pH. 
Solvent effects
Results in Table 1 indicate that protonation constants of TPPS decrease with increasing concentration of DMF and reach to a minimum at 80% (v/v), and then increase by further increasing the organic solvent. Two approaches were used for studying solvent effect on protonation of TPPS; Kamlet, Abboud and Taft (KAT) model and the Born's electrostatic model [26] [27] [28] [29] . From a microscopic point of view, Abboud, Kamlet and Taft introduced some solvatochromic parameters to consider all modes of the solute-solvent interactions at molecular level [26] [27] [28] . Accordingly, parameters ,  and * are defined as numerical representation of hydrogen bond donor acidity, hydrogen bond acceptor basicity and dipolarity-polarizability of the solvent respectively. Parameter * is a reflection of nonspecific interactions, whereas  and  include specific interactions. Each of specific (such as hydrogen bonding) and nonspecific (electrostatic) interaction has a linear contribution to the total solvation energies of solutesolvent interactions. Therefore in the framework of linear solvation energy relationships (LSER) concept, a multiparametric equation can be established to correlate the Gibbs free energy of solvent dependent phenomena with the KAT parameters. The general form of LSER equation is logK = A 0 + a + b + p*
where A 0 , a, b, and p are regression coefficients. A 0 is intercept whereas a, b and p quantify the sensitivity of logK values to acidity, basicity and dipolarity-polarizability of the solvent respectively. Nonspecific electrostatic interactions can be studied by the Born model in a macroscopic point of view. This model is constructed entirely based on general electrostatic solute-solvent interactions. In this model solvent is considered as a continuum medium which its polarity can be solely described by its dielectric constant. If this model is correct, the plot of logK values versus the reciprocal dielectric constant of the media, , should be linear. logK = (121.6n/r)(1/ -0.0128)
Where r is the common radius of the ions and n is the square summation of the charges involved in the protonation equilibrium.
To explain the effect of solvent on protonation of TPPS based on the KAT solvent parameters, logK 1 , logK 2 F and r 2 are squared correlation coefficient and F-statistic values respectively. The number in bracket shows the standard deviation of each regression coefficient. This result indicates that the protonation of TPPS is mainly dependent on specific solute-solvent interactions in water-DMF mixtures. The single-parameter KAT equation including  is the best for logK 2 . The positive sign of α term indicates that a decrease in the hydrogen-bond donor acidity capability of the solvent decreases the solvation tendency of the produced anions. Consequently, the logK 2 decreases with decreasing values of this parameter. In the case of logK 1 , best fitted model includes only  term. The regression coefficient of  has a negative sign which means an increase in hydrogen bonding basicity of the mixture decreases log K 1 . It is interesting that the overall protonation constant of TPPS, logK t , is mainly affected by α term similar to logK 2 . As mentioned above, protonation constants increase in the percentage of 80-95% (v/v) of DMF. Due to little experimental data in these ranges, protonation constants were correlated only with one KAT parameter. The best fitted models were obtained as logK 2 It is interesting to verify the effect of nonspecific interactions by analyzing data with the Born's electrostatic model [29, 31] . Born's model was examined by plotting protonation constant as a function of the reciprocal dielectric constant of the mixture in Figure 5 . In experimental range, 0-60% (v/v) DMF, a linear correlation was obtained in accordance with Born's model; indicating that protonation constant of TPPS decreases with decreasing polarity of the mixture. The slope of plots is related to the term n in Eq. 6. For first, second and overall protonation equilibria, n is -8, -6 and -10, respectively. Negative sign of n indicates that species on the left-hand side of reactions are more polar than those on the other side. Therefore, one expects instead an increase of protonation constant by the lowering dielectric constant, which is not consistent with the theoretical basis of Born's model. Manifestly in accord with KAT model, this result indicate that protonation of TPPS was not only depended on the electrostatic interactions but also strongly depended on the specific solute-solvent and solventsolvent interactions.
CONCLUSION
In this work, protonation constants of TPPS were successfully determined in wide organic concentration range of aqueous solutions of DMF 0-95% (v/v) at 25 C and 0.1 mol.dm -3 sodium perchlorate. Although the polarity of media decreases with increasing DMF in solution, Born's model examination indicates that the non-specific electrostatic solute-solvent interactions have a doubtful effect in 0-60 % (v/v) DMF. Considering Kamlet-Taft parameters in the framework of linear solvation energy relationship concept, in 0-80% (v/v) DMF, the main contribution to logK 1 and logK 2 , logK t was found to be from  and , respectively. In DMFrich regions,  was the most significant parameter of solvent effect on protonation constant of TPPS.
